Over the past three million years, Earth's climate oscillated between warmer interglacials with reduced terrestrial ice volume and cooler glacials with expanded polar ice sheets. These climate cycles, as reflected in benthic foraminiferal oxygen isotopes, transitioned from dominantly 41-kyr to 100-kyr periodicities during the mid-Pleistocene 1,250 to 700 kyr ago (ka). Because orbital forcing did not shift at this time, the ultimate cause of this mid-Pleistocene transition remains enigmatic. Here we present foraminiferal trace element (B/Ca, Cd/Ca) and Nd isotope data that demonstrate a close linkage between Atlantic Ocean meridional overturning circulation and deep ocean carbon storage across the mid-Pleistocene transition. Specifically, between 950 and 900 ka, carbonate ion saturation decreased by 30 µmol kg −1 and phosphate concentration increased by 0.5 µmol kg −1 coincident with a 20% reduction of North Atlantic Deep Water contribution to the abyssal South Atlantic. These results demonstrate that the glacial deep Atlantic carbon inventory increased by approximately 50 Gt during the transition to 100-kyr glacial cycles. We suggest that the coincidence of our observations with evidence for increased terrestrial ice volume reflects how weaker overturning circulation and Southern Ocean biogeochemical feedbacks facilitated deep ocean carbon storage, which lowered the atmospheric partial pressure of CO 2 and thereby enabled expanded terrestrial ice volume at the mid-Pleistocene transition. Geochemical data from Site 1267 show pronounced shifts in circulation and chemical properties between marine isotopic stages (MIS) 26 (970 ka) and 22 (880 ka) (Fig. 2) ; ε Nd values suggest a reduction in NADW contribution to the South Atlantic between MIS 26/25 and MIS 23/22 (Methods) of ~20% in agreement with records from Sites 1088 and 1090 (which are located ~10° to the south 12 ; Supplementary Fig. 1 ). These combined ε Nd records indicate that the MOC perturbation between MIS 26 and 22 exceeds any previously studied glacial transition before 950 ka. This MOC reduction corresponds to abrupt increases in deep-water corrosivity and nutrient content, as indicated by a decrease in ∆[CO 3
C yclic glaciations are the primary feature of Earth's climate since the late Pliocene and occur at periodicities that are linked to variations in solar insolation 1 . However, the dominant periodicity of glaciations transitioned from 41 kyr to 100 kyr during the mid-Pleistocene without concomitant changes in external insolation forcing [2] [3] [4] [5] . It has been suggested that the emergence of high-amplitude 100-kyr cycles in surface and deep ocean climate records during the mid-Pleistocene transition (MPT) [4] [5] [6] relates to internal climate amplifiers ('feedbacks') 3 , including changes in ice-sheet dynamics 3, [5] [6] [7] [8] [9] [10] [11] , ocean circulation 12,13 and interactions of these processes with Earth's carbon cycle [10] [11] [12] [13] [14] . Although the temporal resolution is low, reconstructions of atmospheric CO 2 partial pressure ( p CO 2 ) across the MPT show that glacial p CO 2 decreased by ~30 µatm between 1,000 and 800 ka (refs. 11,15,16 ), consistent with more voluminous glacial ice sheets 10, 17 . The missing glacial p CO 2 was most probably sequestered in the deep ocean 18 , as suggested by benthic foraminiferal carbon isotope records (δ 13 C b ) 5, 14, 19 . However, evidence from δ 13 C b data reflects a combination of ocean circulation, air-sea gas exchange and ocean carbon content, which complicates quantitative reconstructions of any one parameter 13, 14, 19 . As reliable quantitative records of ocean carbonate chemistry are sparse, how the ocean sequestered additional CO 2 at the MPT is a matter of debate 11, 13 . Stronger quantitative constraints on deep ocean dissolved inorganic carbon (DIC) and its relationship with meridional overturning circulation (MOC) are needed to evaluate whether, and by which mechanisms, the ocean stored additional carbon at the MPT.
Here we test the hypothesis that the onset of 100-kyr glacial cycles during the MPT was facilitated by enhanced deep ocean carbon storage accommodated by reduced Atlantic MOC 12, 13 . We present paired reconstructions of deep ocean DIC content and MOC using foraminiferal trace element (B/Ca, Cd/Ca) and Nd isotope proxies, recorded in sediments from Ocean Drilling Program (ODP) Site 1267 from the Southeast Atlantic Ocean (Fig. 1 ). In combination with previously published MOC and trace element reconstructions, our results indicate coeval MOC reduction and increased deep Atlantic DIC after 950 ka. We evaluate the contribution of our DIC estimates to atmospheric p CO 2 on the basis of ocean CO 2 sequestration mechanisms identified by modelling studies of the Last Glacial Maximum (LGM, ~20 ka), and hypothesize a sequence of climatic events that links changes in ocean circulation, the carbon cycle and Earth's cryosphere with the emergence of 100-kyr glacial cycles during the MPT.
Carbonate chemistry, nutrients and MOC across the MPT
Site 1267 is located at 4.4 km water depth in the Angola Basin, north of Walvis Ridge 20 , within dense Atlantic Ocean bottom waters (Fig. 1b) . These waters comprise two general endmembers with characteristic chemical properties: North Atlantic Deep Water (NADW) feeds the basin from the north, and Antarctic Bottom Water (AABW) from the south. High-oxygen, low-CO 2 and nutrient-poor NADW carries a low Nd isotope ratio (expressed as more negative ε Nd , see Methods), whereas low-oxygen, high-CO 2 and nutrient-replete AABW carries a more positive ε Nd signature from admixed Pacific waters (Fig. 1) . As Walvis Ridge blocks AABW inflow from the south, AABW enters the Angola Basin via the Romanche Fracture Zone (0° N), thereby limiting the contribution of the generally deeper AABW to abyssal Angola Basin waters today (Fig. 1b) . However, Site 1267 exhibits higher nutrient conditions (indicated by low δ 13 C b values) during Pleistocene glaciations 21, 22 , suggesting that this location tracks the Deep Atlantic Ocean carbon storage and the rise of 100,000-year glacial cycles balance of NADW and AABW contributions to the deep Atlantic across the MPT.
The B/Ca and Cd/Ca ratios of the epibenthic foraminifer Cibicidoides wuellerstorfi reflect the deep-sea carbonate ion saturation state 23 Geochemical data from Site 1267 show pronounced shifts in circulation and chemical properties between marine isotopic stages (MIS) 26 (970 ka) and 22 (880 ka) (Fig. 2) ; ε Nd values suggest a reduction in NADW contribution to the South Atlantic between MIS 26/25 and MIS 23/22 (Methods) of ~20% in agreement with records from Sites 1088 and 1090 (which are located ~10° to the south 12 ; Supplementary Fig. 1 ). These combined ε Nd records indicate that the MOC perturbation between MIS 26 and 22 exceeds any previously studied glacial transition before 950 ka. This MOC reduction corresponds to abrupt increases in deep-water corrosivity and nutrient content, as indicated by a decrease in ∆[CO 3 2− ] of ~30 µmol kg −1 and an increase in [PO 4 3− ] of ~0.5 µmol kg −1 at Site 1267 (Fig. 2c,d ). This chemical transition persisted for at least 500 kyr. Bottom water ∆[CO 3 2− ] was near or above saturation (∆[CO 3 2− ] = 0) before 950 ka, whereas ∆[CO 3 2− ] values after 950 ka were consistently negative in both glacials and interglacials, and they equalled modern ∆[CO 3 2− ] values of −2 µmol kg −1 during interglacials MIS 19, 17 and 13 (Fig. 2c) . Similarly, reconstructed [PO 4 3− ] was significantly higher after 950 ka than before, and approached modern values of 1.6 µmol kg −1 during MIS 19, 17 and 13 (Fig. 2d) .
The B/Ca and Cd/Ca patterns displayed by our Site 1267 records are similar in trend but show a more pronounced shift around 950 ka than observations at Site 607 in the North Atlantic 13, 25 ( Fig. 2c,d ). At Site 607, ∆[CO 3 2− ] is higher and [PO 4 3− ] lower than at Site 1267 for the length of the records (Fig. 2) , consistent with continuously better ventilation in the deep North Atlantic than in the abyssal Southeast Atlantic between 1,400 and 400 ka. . The generally larger DIC increases at Site 1267 (Fig. 3a,b) probably reflect the southerly and deeper position of Site 1267 relative to Site 607, which makes Site 1267 a more sensitive indicator of the relative contributions of northern-and southern-sourced deep waters. Nevertheless, these similar DIC estimates from two independent proxies at separate locations lend confidence to a sustained deep Atlantic DIC increase after 950 ka that persisted in both glacial and interglacial climates.
Quantifying deep Atlantic DiC increase
Increased DIC after 950 ka is probably the consequence of a more aged deep water body in the deep Atlantic, with accumulated respired CO 2 and nutrients. Neodymium isotope ratios show that this aged deep water is associated with reduced NADW. Glacial ε Nd values became more positive after 950 ka at Sites 1088, 1090 and 1267 (Fig. 3c, Supplementary Fig. 1 Supplementary Fig. 3 ).
implications for atmospheric p CO 2 As the Southern Ocean is the principal gateway for CO 2 to escape from the deep Atlantic to the atmosphere, changes in surface Southern Ocean properties that affect CO 2 leakage probably contribute to atmospheric CO 2 variations over Pleistocene glacial cycles 28, 29 . These processes have also been invoked for the MPT 30 , with recent studies proposing that expanded Southern Ocean seaice extent 13 or increased iron availability 11 lowered p CO 2 across the MPT. We compared the temporal relationships of the evidence, and propose that the MPT p CO 2 reduction was closely related with reduced MOC (Fig. 3) . While glacial Subantarctic iron deposition gradually increased between 1,400 and 1,100 ka (ref.
31
; Fig. 3f ), ice core and proxy reconstructions suggest that glacial p CO 2 did not decrease before 1,000 ka (refs. 11,15,16 ; Fig. 3d ). Instead, glacial p CO 2 most plausibly decreased at MIS 24-22, coeval with increased deep Atlantic DIC (Fig. 3a,b) , lowered sea-level at MIS 22 10,17 ( Fig. 3g ) and global surface ocean cooling 5, 6 . This implies that reduced p CO 2 conforms to the more extensive glacial ice sheets of the 100-kyr world. , although the mechanisms and timescales of such alkalinity feedbacks are . Accounting for an alkalinity increase slightly elevates our estimate of deep Atlantic DIC increase from B/Ca, but does not fundamentally change our results (Methods). , and drove lower glacial p CO 2 levels during ensuing 100-kyr glacial cycles (Fig. 4) .
Our averaged estimate for interglacial DIC increase (30 ± 16 µmol kg
) implies a deep Atlantic carbon inventory increase of 36 ± 20 GtC during interglacials after 950 ka. This evidence for greater interglacial deep ocean carbon storage after 950 ka may have contributed to the ~30-40 ppm decrease in p CO 2 during the 'lukewarm' interglacials between 450 and 900 ka (refs. 15, 44 ), although further work is required to identify the mechanisms responsible.
Perspective
An enduring mystery surrounding the MPT is how the cryosphere, ocean and carbon cycle interacted to initiate 100-kyr climate cycles at this particular time in Earth's history. Although erosion of Northern Hemisphere regolith has been a central hypothesis for the MPT 5, 7, 9, 11 , we suggest that an expanded Antarctic ice sheet played a key role in unleashing the ocean carbon-cycle feedbacks necessary for 100-kyr cycles (Fig. 4) . Atmospheric cooling associated with the growth of the East Antarctic Ice Sheet to marine-based margins around 1,000 ka 8, 45 (Fig. 3e) would have enhanced the production and export of Antarctic sea ice 37 , expanding the spatial extent 35, 37 but reducing the intensity of surface water densification around Antarctica 38 . This increased residence time of nutrient-rich waters would have enhanced nutrient utilization and therefore CO 2 uptake. Increased Antarctic surface 'buoyancy loss' may also have directly facilitated expanded AABW and enhanced deep ocean stratification 35, 37 , although we cannot rule out Northern Hemisphere forcing of the MOC shift through reduced NADW production (Fig. 4c) . Future studies of Southern Ocean nutrient utilization and deep ocean stratification across the MPT can elucidate how these two mechanisms contributed to MPT p CO 2 decline.
In summary, our results demonstrate that the rise of 100-kyr ice age cycles is intimately linked with increased deep ocean carbon storage associated with weakened MOC. The key roles for ocean circulation and the carbon cycle in the natural climate transition at the MPT raise critical questions about the future behaviour of these climate components under anthropogenic warming. By the end of the century, Atlantic MOC is projected to decrease by potentially similar magnitude (~20%) as the MOC reduction at the MPT, albeit with high uncertainty 46, 47 . While we have demonstrated that a weaker MOC related to increased deep ocean carbon storage at the MPT, future deep ocean carbon sequestration depends on how future MOC interacts with the evolution of the biological pump and deep ocean stratification. In contrast to the MPT, projected future reductions of Southern Ocean surface density 37,48 and reduced anthropogenic CO 2 Supplementary  Fig. 4 ). Our records do not extend beyond MIS 12 due to limited C. wuellerstorfi specimens in younger sediments. Glacial and interglacial extremes in B/Ca and Cd/Ca records from Site 607 13, 25 were also selected on the basis of δ
18
O b values ( Supplementary Fig. 4) .
Trace element analyses. For Site 1267, 6-12 C. wuellerstorfi specimens were crushed between two methanol-cleaned glass slides and transferred to HClcleaned 0.5 ml polypropylene vials. When necessary, samples were combined to provide 200 to 300 µg of calcite. Crushed samples were cleaned via clay removal in methanol and boron-free MilliQ water, removal of Fe-Mn oxides and authigenic Mn carbonates by reduction with an ammonium-citric acid-buffered hydrazine (NH 4 (OH)-C 6 H 8 O 7 -N 2 H 4 ) solution, organic oxidation with NaOH-buffered H 2 O 2 , and a weak acid leach with 0.001M HNO 3 to remove any adsorbed contaminants, following standard protocols [52] [53] [54] . Samples were transferred to HCl-cleaned 2 ml polypropylene vials after the oxidation step. Initial tests showed elevated Mn and Fe concentrations (>100 µmol mol ) without reductive cleaning, and thus reductive cleaning was performed on all samples. Removal of Fe and Mn phases is critical for reducing the Cd blank 53 and does not affect B/Ca ratios 55 . All sample preparation was performed in a boron-free high-efficiency particulate air filtered laminar flow bench at the Lamont-Doherty Earth Observatory (LDEO).
Cleaned samples were dissolved in 0.8 to 1.6 ml of ultrapure 2% HNO 3 immediately before analysis, with the volume of acid adjusted by sample mass to obtain ~50 ppm [Ca 2+ ] solutions. Trace element intensities were measured using a Thermo Scientific iCAP Q inductively coupled plasma mass spectrometer at LDEO 56 Cd were measured in kinetic energy discrimination mode using a He collision cell to minimize polyatomic interferences. To minimize matrix effects, element intensities were corrected with an internal multi-element quality control standard measured every ten samples. Concentrations and element ratios (relative to Ca) were calculated from element intensities measured on a multi-element stock solution prepared gravimetrically from trace element-grade stock solutions. This solution was diluted to [Ca 2+ ] of 5-125 ppm and each dilution was then measured, creating calibrations of element intensity to concentration. External precision was evaluated using nine full procedural replicates from Site 1267, with 1 s.d. pooled replicate precision of ±6.6 µmol mol −1 for B/Ca and ±0.009 µmol mol −1 for Cd/Ca. Long-term internal precision (1 s) of an in-house quality control standard was ±2.9 µmol mol −1 for B/ Ca and ±0.006 µmol mol −1 for Cd/Ca. The B/Ca and Cd/Ca ratios for Site 607 were measured previously via similar protocols 13, 25 . Pooled replicate precisions (1 s.d.) for Site 607 B/Ca and Cd/ Ca were ±5.9 and ±0.007 µmol mol −1 , respectively 13 . No attempt was made to correct for laboratory B/Ca or Cd/Ca offsets. If laboratory offsets existed, they would not change the results of our study because each core was measured in separate laboratories and we independently calculate ∆DIC from B/Ca and Cd/Ca variations within each core (see below). . Between 20 and 30 mg of planktic foraminifera from the >300 μm size fraction were crushed, ultrasonicated and resuspended in MilliQ water and methanol to remove detrital contaminants. Each sample was treated individually to ensure that sufficient rinsing steps were applied. Cleaned fragments were dissolved in dilute acetic acid, and the resulting solution centrifuged at medium speed for 20 minutes. The supernatant was transferred to clean PFA beakers and Nd was separated using Eichrom Tru-Spec and Ln-Spec resins. The Nd isotopes were determined by multicollector inductively coupled mass spectrometry on a ThermoScientific Neptune-Plus at LDEO. Instrumental drift was corrected by sample-standard bracketing (SSB) using JNdi-1 as the primary standard ] in situ driven by changes in the difference between total alkalinity (TA) and DIC (Supplementary Fig. 2 ; ref.
Neodymium isotope analyses. Neodymium isotopes (

27
). If the quantity TA-DIC increases, the greater excess of TA relative to DIC implies a shift in DIC speciation towards CO 3 2− and thus increased [CO 3 2− ]. Conversely, a decrease in TA-DIC implies DIC speciation shifts towards CO 2 , and thus [CO 3 2− ] decreases. Changes in ∆[CO 3 2− ] at Sites 1267 and 607 are a function of TA and DIC ( Supplementary Fig. 2 ): , and ∆TA and ∆DIC are the differences in TA and DIC between each sample relative to average pre-950 ka interglacial TA and DIC values. Note that while we use ∆[CO 3 2− ] instead of [CO 3 2− ] in situ (as used by refs. 27,52 ), equation (1) is identical using either parameter because [CO 3 2− ] saturation is assumed to be constant due to the small influence of temperature, salinity and pressure variations on [CO 3 2− ] saturation (see above). The slope of equation (1) (k = 0.54) is less than one due to a larger contribution from non-carbonate species (particularly borate anions) to TA as TA-DIC increases. We calculated k by varying TA and DIC at the present-day bottom-water temperature (2.4 °C), salinity (34.89) and pressure (4429 dbar) of Site 1267 in CO2SYS (ref. 64 ). Following this procedure for Site 607 also returns k = 0.54. In contrast, Yu et al. 27 used k = 0.59 from regression of oceanographic data below 2.5 km depth in the Atlantic Ocean, but this approach includes influences from pressure, temperature and salinity variations within the dataset used for their regression. Our slope is more appropriate because the expected temperature, salinity and pressure variations at Sites 1267 and 607 across the late Pleistocene are smaller than the present-day ranges of these parameters in the Atlantic Ocean below 2.5 km depth.
Two processes primarily control deep ocean TA and DIC: organic matter respiration and CaCO 3 dissolution (Supplementary Fig. 2 ). Explicitly accounting for the effects of respiration and dissolution in equation (1) ], but one more constraint is required to solve equation 3. One approach is to assume constant deep ocean alkalinity 27 (∆TA diss = 0), which allows equation 3 to be solved for ∆DIC resp . Previous applications of B/Ca ratios to reconstruct DIC assumed constant TA over short study intervals 27,65 (<50 kyr). In contrast, our 1 Myr record covers a climate transition associated with notable changes in deep-sea carbonate sedimentation 25,50,66 ( Supplementary Fig. 5 ). Thus, it may not be practical to assume that ∆TA diss = 0 (see below).
Lacking established palaeoproxies for TA, here we also calculate ∆DIC resp using C. wuellerstorfi Cd/Ca, an independent nutrient proxy that is unlikely affected by ∆TA diss . C. wuellerstorfi Cd/Ca relates to deep ocean [Cd] As in equation (3), ∆DIC resp and ∆[Cd] sw are calculated as differences relative to pre-950 ka interglacial averages.
Reconstructed ∆DIC resp from Cd/Ca (equation 6) largely agrees with ∆DIC resp calculated from B/Ca (equation 3) assuming ∆TA diss = 0 over our study interval at Site 1267 ( Supplementary Fig. 6 ). This correspondence argues against major variations in uncertainty sources that affect one-but not bothproxies. Specifically, this correspondence suggests that any changes in ∆TA diss (that influences B/Ca) are smaller than the (relatively large) uncertainty for B/ Ca-derived ∆DIC resp (discussed below). Similarly, this argues against secondary influences on Cd/Ca-derived ∆DIC resp estimates (Supplementary Information).
Quantifying deep Atlantic carbon storage. Following ref.
, we quantify deep Atlantic carbon storage as follows:
Atlantic km Atlantic km 3 3 21 where ∆DIC Atlantic>3km is the pooled average DIC increase at Sites 1267 and 607 (42 ± 15 µmol kg −1 for glacials and 30 ± 16 µmol kg−1 for interglacials) below 3 km depth, m Atlantic>3km is the mass of water in the Atlantic Ocean below 3 km depth (1.01 × 10 20 kg), 12.011 is the mass of carbon (g mol −1 ) and the factor 10 21 converts units from micrograms to gigatonnes of carbon (ref. 75 ). This calculation assumes that the magnitude of the DIC increase reconstructed from Sites 1267 and 607 characterizes the entire Atlantic Ocean below 3 km depth.
Significance testing. Statistical comparisons of mean glacial/interglacial ε Nd and reconstructed DIC before and after 950 ka were performed using one-tailed, twosample t-tests with unequal variance (Welch's t-test) in MATLAB (function ttest2 25 present a new model of carbonate compensation driven by changes in regional carbonate burial, and not local dissolution. In this model, the relationship between deep Atlantic TA and global ocean TA depends on Pacific CaCO 3 burial, giving a more complex relationship between deep Atlantic TA and potential CO 2 drawdown. Regardless, although the precise magnitude of ∆DIC may be sensitive to TA change from carbonate compensation and compensation mechanisms, the conclusion of increased DIC in the deep Atlantic coeval with reduced MOC is not contingent on assuming constant TA.
Mixing between NADW and AABW. Supplementary Fig. 3 ). The extra curves in Supplementary Fig. 3 Fig. 3 ). These observations can be reconciled by a higher regenerated/preformed PO 4 3− ratio in mid-Pleistocene AABW than is found today. A shift from [PO ] were lower than today 14, 52 , and is consistent with the proposed coupling between Southern Ocean nutrient utilization and expanded AABW through Southern Ocean surface buoyancy forcing 38 . As modern AABW has more preformed nutrients than NADW, assuming that modern AABW expanded in the past would mean a greater portion of the deep Atlantic was ventilated through the Southern Ocean, where the biological pump is less efficient. In this scenario, reduced MOC would both increase deep Atlantic DIC and increase p CO 2 (refs. 29, 79 ). For the MPT, if expanded AABW possessed 50% lower [PO 4 3− ] preformed , the effect of preformed nutrients on p CO 2 would be minor. This is because AABW would replace NADW of similar [PO 4 3− ] preformed composition, implying that deep Atlantic [PO 4 3− ] preformed stayed relatively constant. This is critical for p CO 2 because it implies that reduced MOC was not associated with a less efficient biological pump, and further implies that reduced MPT p CO 2 required coupling between MOC and CO 2 outgassing in the Southern Ocean (Fig. 4) .
Data availability
The datasets generated during the current study are available as Supplementary Tables 2-5, and are publicly accessible at the National Centers for Environmental Information (NCEI): https://www.ncdc.noaa.gov/paleo-search/study/26310.
